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Spin-torque driven ferromagnetic resonance (ST-FMR) is used to study magnetic excitations
in Co/Ni synthetic layers confined in nanojunctions. Field swept ST-FMR measurements were
conducted with a magnetic field applied perpendicular to the layer surface. The resonance lines
were measured under low amplitude excitation in a linear response regime. The resulting resonance
fields were compared with those obtained using conventional rf field driven FMR on extended films
with the same Co/Ni layer structure. A lower resonance field is found in confined structures. The
effect of both dipolar fields acting on the Co/Ni layer emanating from other magnetic layers in the
device and finite size effects on the spin wave spectrum are discussed.
One approach to study ferromagnetic resonance
(FMR) of a magnetic layer in a confined structure is
to use the spin transfer interaction [1, 2] in a current-
perpendicular (CPP) nanojunction. An rf current is ap-
plied to a magnetic tunnel junction [3] or spin valve [4], to
drive FMR, in a method known as the spin-torque-driven
ferromagnetic resonance (ST-FMR). This new technique
enables quantitative studies of magnetic properties of
materials in nanopillars, such as their magnetic excita-
tions, anisotropy and damping.
Spin-transfer devices that incorporate materials with
perpendicular magnetic anisotropy are of great interest.
This is because of their potential to lead to faster ST-
devices, with lower power dissipation [5] and critical cur-
rent [6]. Recently, Mangin et al. studied perpendicular
spin valves with a Co/Ni multilayer free layer, where a
large magnetoresistance value and a high spin torque ef-
ficiency were observed [7].
In this work, we present ST-FMR studies on bilayer
spin valves, where the thin (free) layer is composed of
a Co/Ni synthetic layer and the thick (fixed) layer is
pure Co. By comparing the ST-FMR resonance fields
with those of conventional rf field driven FMR of ex-
tended Co/Ni films with the same layer structure, we il-
lustrate interactions important in ST-FMR of nanojunc-
tions. Specifically, we discuss both dipolar interactions
between the Co/Ni layer and other magnetic layers in the
device, and finite size effects on the magnetic excitation
spectrum.
Pillar junctions with submicron lateral dimensions and
rectangular shape, shown in Fig. 1a, were patterned on
a silicon wafer using a nanostencil process [8]. Junctions
were deposited by evaporation, and have the layer struc-
ture ‖ 1.5 nm Cr| 100 nm Cu| 20 nm Pt| 10 nm Cu| [0.4
nm Co| 0.8 nm Ni]×3 | 10 nm Cu| 12 nm Co| 200 nm Cu‖.
The ST-FMR measurement setup is shown in Fig. 1(a).
An rf current generated by a high frequency source is cou-
pled with a dc current through a bias-T (the dashed-line
box in Fig. 1(a)) into the spin valve. At resonance, the rf
current and spin valve resistance oscillate at the same fre-
quency. This results in a dc voltage (V =< I(t)R(t) >)
[3, 4]. Assuming a small angle circular precession of the
free layer on resonance,
V =
1
4
(RAP −RP )Irf sinβ sin θ (1)
where β is the angle between the free and fixed layers
(before applying the rf current) and θ is the precession
angle. Irf represents the rf current amplitude in the junc-
tion, and RAP (RP ) is the static junction resistance when
free layer and fixed layer are antiparallel (parallel) to each
other. With a perpendicular magnetic field greater than
the free layer’s easy-plane anisotropy field, the free layer
magnetization is normal to the surface, while the fixed
layer, which has a larger easy-plane anisotropy field, is
still mainly magnetized in the film plane. In this way, the
signal is maximized, according to Eq. 1. To improve the
signal (typically in the sub-µV range) to noise ratio, we
modulate the rf current on and off at 800 Hz and use a
lock-in amplifier to detect the voltage at this frequency.
Extended films with the same stack as the free layer
were deposited on an oxidized Si wafer using the same
deposition technique. It has the same Co/Ni synthetic
layer sandwiched between 10 nm of Cu on each side. As
is shown in Fig. 1(b), it was measured by placing the film
onto a 50-Ohm-matched coplanar waveguide [9]. An rf
current was sent through the waveguide and generates an
rf field that drives the magnetic film into resonance. The
transmission of the rf signal was measured using a net-
work analyzer, as a function of rf frequency and external
magnetic field.
The magnetoresistance (MR) of the nanojunctions was
measured using a four-point geometry with the magnetic
field applied in the film plane. A typical MR hysteresis
loop of a 50×150 nm2 junction is shown in the inset of
Fig. 2(a). MR= (RAP −RP )/RP , is ≃ 2.3± 0.2% for a
total of 10 junctions studied.
ST-FMR measurements were conducted with the ex-
ternal magnetic field Happ applied nearly perpendicular
2FIG. 1: (a): Spin valve layer structure and ST-FMR circuit.
(b): Field-driven FMR on same-stack extended films using
the flip-chip method.
to the film plane (2◦ off the normal direction as shown in
Fig. 1(a), where the small in-plane component is along
the easy-axis of the junction, in order to avoid vortex
states in the free layer). This was measured using a two-
point geometry. Fig. 2(a) shows a typical field-swept
resonance line at a fixed rf frequency of 18 GHz and zero
dc current. It was measured on the same junction on
which the data in the inset was taken. The resonance is
fit by a Lorentzian, indicated by the solid line. From the
peak height Vpeak, we estimate the precession angle to be
1.9◦ using Eq. 1. We verified that this data was taken
in a linear response regime with Vpeak/I
2
rf independent of
Irf.
A series of ST-FMR resonance lines at different rf fre-
quencies f were measured within the low amplitude lin-
ear regime. Those with 7 different rf frequencies (4∼16
GHz in 2 GHz steps) are plotted in Fig. 2(b), with each
adjacent curve offset by 0.2µV. The resonance field Hres
(N in Fig. 2(b)) increases linearly with f greater than
4 GHz. At f <4 GHz, the perpendicular magnetic field
at resonance is lower than the easy-plane anisotropy field
of the free layer. Therefore, the free layer magnetization
tends to tilt into the plane, leading to a lower resonance
field. Similar dispersion relationships have been found
on junctions with other lateral dimensions.
The resonance field for both extended films and nano-
junctions as the function of f are plotted in Fig. 3(a).
Black dots are for a similar spin valve with the same lat-
eral dimension and pink dots for the same-stack extended
film. Further details on the conventional FMR experi-
ments can be found in Ref. [10]. Red and blue solid
lines are their corresponding linear fits above 4 GHz. By
comparing these two sets of data, we find a slight dif-
ference in slope and a small shift in the zero frequency
intercept. The relationship between f and Hres in the
extended film is given as: h
µB
f = g(Hres − 4piMeff) [11]
in the case where the magnetization is normal to the film
surface. Here g is the Lande´ g factor of the film, and
the easy-plane anisotropy is 4piMeff = 4piMs−HP, where
Ms and HP represent the saturation magnetization, and
the perpendicular anisotropy field. A direct linear fit of
each data set gives a slope g=2.17, field-axis intercept
4piMeff = 2.58 kOe for the extended film, and a slightly
larger slope (2.28) and a smaller field-axis intercept (1.92
FIG. 2: (a): ST-FMR voltage signal ( points) as a func-
tion of applied perpendicular magnetic field together with a
Lorentzian fit (solid line). The measurement was done on a
50×150 nm2 junction with an rf amplitude of Irf=560 µA at a
frequency of 18 GHz. Inset: MR hysteresis loop on the same
junction with the magnetic field applied in-plane. (b): Zero
dc current lock-in voltage signal as the function of applied
magnetic field at different frequencies from 4 GHz up to 16
GHz in 2 GHz steps.
kOe) for the confined structure in the spin valves. Such a
consistency confirms that the main peak of the ST-FMR
signal comes from the Co/Ni synthetic free layer rather
than the fixed Co layer [12].
We now estimate the effect of dipolar fields Hdip from
other magnetic layers in spin valves, which come from the
fixed Co layer and the junction level magnetic residuals
outside the stencil holes [8]. Hdip from the normal com-
ponent of the fixed Co layer is not negligible. At f = 10
GHz, the Co layer is tilted ∼ 16◦ out-of-plane at Hres,
and the component of Hdip normal to the film surface
is 500 Oe. At higher frequencies, the normal component
of Hdip is larger since the fixed Co layer magnetization
is more tilted out-of-plane for larger Hres. Hdip of the
junction level Co residual is estimated to be ∼15 times
smaller, while that of the junction level Co/Ni residual
has a constant -120 Oe field contribution normal to the
surface. The in-plane component of the dipolar fields
(. 260 Oe) shifts Hres down by ∼30 Oe at 4 GHz, and
this shift is significantly reduced at higher frequencies.
Therefore, the dipolar fields from the normal component
of the fixed Co layer and from the junction level Co/Ni
residual are important in biasingHres of free layer in spin
valves. The dashed line in Fig. 3(a) is the linear fit of
Hres with the dipolar field correction. In the new linear
fit, the slope becomes 2.18, which is almost the same as
the g factor of the extended film, and the field-axis inter-
cept becomes 2.13 kOe. A 450 Oe shift between them at
all frequencies still remains.
Similar results have been found in other spin valve
junctions. ST-FMR results taking into account the dipo-
lar fields from other magnetic layers in the device show
a similar g-factor (2.18±0.03) with a 370∼570 Oe lower
resonance field than that of the extended film. Numeri-
3FIG. 3: (a): Comparison of resonance field as the function
of frequency between the spin valve junction (black dots) and
same-stack extended film (pink dots). The spin valve junction
is a different one from that in Fig. 2, but has the same lateral
dimension. Solid lines are linear fits. Dashed line: linear
fit of resonance field with estimated dipolar fields corrected.
(b): The dispersion of the lowest four spin wave modes on a
50×150×3.6 nm3 Co/Ni synthetic structure using OOMMF
simulation (dots) and the analytical model discussed in the
text (dashed lines). Solid line is the linear fit of Hres of the
extended film. Corresponding mode profiles are shown in the
lower-right corner, in the order of (nx, ny)=(1, 1) (1, 2) (1, 3)
(2, 1) from bottom to top.
cal calculation on the normal spin wave (SW) modes in
elliptical Py disks was presented in Ref. [13], and the
resonance shift of different SW modes due to the finite
size effect was discussed. In order to estimate the reso-
nance shift in our rectangular Co/Ni synthetic nanoele-
ment, we have also done micromagnetic simulations using
OOMMF [14], which includes the Zeeman, exchange and
magnetostatic contributions to the energy (but not the
spin transfer interaction). The modes of a 50×150 nm2
element are shown in lower-right of Fig. 3(b). The mode
resonance is shifted towards lower field as the order of the
SW modes becomes higher (dots in Fig. 3(b)). The low-
est order SW mode is shifted by ∼1 kOe from the thin
film result (solid line). This shift is the same order of
magnitude as found in our experiments. It is larger than
that observed possibly because the lateral dimensions of
the pillar are larger than the nominal dimensions. The
2nd mode is close to the lowest one, while 3rd and 4th
ones are further apart. This shows the effect of finite size
and mode structure on the resonance field. Furthermore,
multiple peaks found at several frequencies (see Fig. 2(b)
at f = 6 GHz, for example), may be due to the excitation
of higher order SW modes.
An analytical estimation of the energy of the SW
modes in a rectangular element enables a better under-
standing of the physics. The idea is to assume a sinu-
soidal profile of the eigenmode in the finite rectangular
element [15], and to use the dipole-exchange dispersion
of the SW modes in a perpendicularly magnetized film
[16]:
ω2k = γ
2(Hin +
2Ak2
Ms
)[Hin +
2Ak2
Ms
+ 4pi(1−
1− e−kt
kt
)Ms](2)
where γ is the gyromagnetic ratio, and the internal field
Hin = Happ − 4piNzMs + HP, where Nz is the demag-
netization factor in the normal direction. 2Ak
2
Ms
is the
exchange term, with A and k representing exchange con-
stant and in-plane wave vector. 4pi(1− 1−e
−kt
kt
)Ms is the
dipolar term in which t is the thickness of the disk, and
it describes the SW dynamic dipole-dipole interaction.
Moreover, as discussed in Ref. [17], the oscillating mag-
netization is only partially pinned at the boundary. Thus,
a larger effective lateral dimension needs to be introduced
in the analytical calculation to mimic the partial pinning.
The 1 kOe shift, like that in the OOMMF simulation,
can be found using Eq. 2 by introducing an effective lat-
eral dimension Lx × Ly ∼70×170 nm
2. Using these di-
mensions, the higher order modes denoted as (nx,ny) are
also quantitatively reproduced with kx, y = nx, ypi/Lx, y,
nx, y ∈ N
∗ (see dashed lines in Fig. 3(b)).
In summary, we used the ST-FMR technique to mea-
sure the resonance fields of Co/Ni synthetic layers in a
confined spin valve structure and compared it to that
of the same-stack extended film. The effects of dipolar
fields and finite element size produce changes in the reso-
nance field that are the same order of magnitude as those
observed in the experiment.
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